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DRAG ANALYSIS OF SI¥CGLE-ENGINE MILTTARY AIRPLANE
TESTED IN THE NACA FULL- SGA E WIND TUNNEL

Sy Oy B. Deardorn and Abe Silverstein
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the desirability of snelyzing and combining all of the
results into & single papew for distridution to designers.
Tne data for the varlens airplancs are not consistent in
gcope since thc extent of the tests dﬂpendﬂ& on the possi-
pility of making alterntions to the particular airplanc
and the time availadle for the tasts.
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power plant installestions., Scoops for carburetor intakes,
for intercoolers, for Prestone radiators, and for oill
coolers were tested on many of the airplanes.  Measure-
ents of the wing drag by the momentum method were made
for each of the airplanes, and measurements of the tran-
sition point and the or*tlcal compressibility velocity
vere iancluded to &ild in -valuatLag the wing drag at high
specdse. Considerable data were also obtained on the drag
of retracted and gart111ly rotracted lauﬁ ing gears, wind-
wﬂlbld&, cockpit cnclosures, aerials, air leaks, and arma-
ent lﬂStal~wthLS.

The drag incroements were measured at tunnel speeds
betweenr 60 and 100 miles pex hour. Increased performances
predicted by the tunnel tests from modific ations of several
of the airplancs were later substantlally ver rified in
flight tests.

AIRPLANES AYD EQUIPMENT

Perti
are shown

nt deseriptive data on the airplanes tested
1 the photographe of the wind-tunnel set-ups
(fig. 1), and in the *hr c-view drawilngs (fiz. 2). The
irplancs cre identified by numbers. The photographs
(fl«. 1) show most of Lb= nirplanes in the condition as
received at the full-scole tunnel (designated original
condition); however, o few are shown in various stages of
modificotion as described in the figure titles. Sketches
and photographs showing details of various components are

included with the discussion.
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The NACA full-scale wind {tunnel is described in ref-
erence Ll

METHODS AWD TESTS

Ian the tests the focal points of excessive drag on
the airplane were searched for, ofter which they were
refaired and improved as much as was possible In a prac
tical way. In some cases, components were removed from
the airplance and their drag ivcrements measurede.
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Initially, short tufts and tuft masts
uted over the surfacesz of the airplane and v
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photographic observations taken of their motion, Dig—
turbed or turbulent motion of the tufts with ths airplane
in the high—speed attitude normally indicated excessaive
draz., In the diagnosis of the flow disturbances a rake
of total-pressure tubes was used, which conld be moved to
any position around the airplane, These pressure obser—
vations were used gualitatively as a quick mesans for lo-
cating flow break-down, and quantitatively for calcula-
tion of the dArag coefficient, The drags of the wings and
all wing protuberances were measured in this way, The
technique of these measurements is described in refer-
ence 2.

The air flows through the duct and cowling installa-
tions and the presgsure drops through the cooling units
were measured, A rake of static- and total-pressure tubes
at the duct outlet was most satisfactory for measuring
the air—flow guazntity, and the pressure drop was measured
2s the difference between the total pressure ahead of a
cooling unit and the total pressure at the outlet, When
existing coolers were not adaptable to modified arrange-
ments, they were simulated by perforated plates having
the same pressure drop, Ducts and cowlings were usually
tested both in the normally open and completely sealed
condition, so that the drag due to the cooling air flow
could be determined,

The usual balance measurements were made to obtain
1ift, drag, and pitching-moment characteristics over the
angle—~of-attack range from zero 1ift through the stall,
Scale effects were measured for a range of tunnel speeds
between 60 and 1CC miles per hour. Most of the tests
were made without operating provellers, but for several
of the airplanes power—on data were also obtained,

In order to aid in extrapolating the wing drag to
higher Reynolds numbers and to study in areater detail the
origin of the wing drag, measurements were made in the
wing boundary layer and the transition points were deter-
mined over a range of air speeds and angles of attack,
(See referencs %,) Measurements were also made of the
static pressure distribution at critical points on the
airplane t0 aid in estimating the speed at which compres—
sibility effects on the airplane might Pecome important,
These measurements were made either by means of flush
orifices or small surface static tubes attached with the
static holes approximately 1/15 inch above the surface,



RESULTS ALD DIECUSSION

mh

e ave “nnll coefficsiconts of the original alr=-
ploanes and th 1tc.amentm in drag cocffl 1t due 1o modid
fying or ronovxng various airplane compoenoenits are sunnoa-
rized in table I, The tabulated drag coefficients are
given for a high~sveed Lift coefficient of 0,15 and from
tests at a tunnel speed of 100 miles per hour, These drag
incwremeats arc in most cases also given in the text in
pounds at a sneced of 100 miles per hour to provide a basls
of conparison at will be indopendent of the airplanc
wing arsas. Ly;ion, curves showing scale effect for onc

2 stweon tunnel speeds of 60 and 100
swino o figure 3,

ray
F

T
milcs por hour

cwanple of a tynleal test sequence followed to
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n
evaluate the drag of the various alrplanc components on
airpleac 8 1s shown in figure 4,

Baged on the test results and other more fundamental
labaratory investigations, various scurces of aerodynanmic
inefficicncy are diccussed in thoe following chapbters,

FOWER~-PLANT INSTALLATIOW

ra offeeted by

important drag roductions we
in the &irplane powcry-plant instoallation,
wded modifications to NACA cowlings, oll-coceoler
ctor air scoops, cxhaunst stacks, cte, Dis-
he drag of poweprw- ﬂlwat instollations may be
rdor thoe sudbjeo sarnal ond external alr
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betwoen any two scctions in a duct, based on calculations
of the momentum loss, is given by the cxpression,

k)

P - 20./5, | - VB | (1)

in which Hy and Hp are the total pressures at the two
sections,

_ Wumerous cquations have been derived to cxpress duct
efficiency, all of which include the useful power QA4p

in the numeorator, Phe cfficiency of the internal duct
flow is

QAp

2&@{@~J§;]

in which H, 1is the free stream total pressure and H,
igs the total pressure at the duct outlet; the over-all
efficiency including the effect of the installation on

(2)

Ny

the external drag is
& LS

n = AR (2)

in which AD is the total drag increment added by the
cooling installation, An optimum cooling system design
is one in which QAp. is as small as possible and n ap-
proaches unity., To achieve low values of QAp, cooling
unitg of large frontal area should be used; the upper limit
of size is definitely fixed by the power required to carry
tho weight of the rodiator. Assuming that the L/D ratio
of the airplane is unchanged by the addition of the cooling
unit, the power required $0 carry the radiator weight is
approximately o a ’ ’

w

-
P

: C, -

in which w is the weight of the radiator. The optimunm
radiator 1s the one for which (Qap +‘Pw) is o minimum
(rofercnce 4) .,

1

In order to rcalize values of n approaching unity,



extreme care must be taken in the duct dasign, In prac-
tice 1t is difficult to approach this value with anything
but & straight duct of optimum design. The following pre-
cautio ohould be taken to minimize duct lossess

1. Avoid bends in the high-speed sections of the ducy
since the total-pressure losg in a turn is pro-
portional to V2,

2. Use gulde vanes in all the duct bends., For good
vane design, gsee filgure 5. If a dividing vane
of single shoet-motal thickness is used it
should be provided with a rounded nosc.

3+ &void sudden changes in duct size; limit 2-dimcn-
sional cxpansions to an included angle of 10°
and 3-dimensional e'nansion to 7 degrees; when
duvect cxpansions cxceed these values, usc divid-
ing plates in the uuct. An exception is a low-
velocity expoansion Just ahead of a high resist-
ance, in which case the allowable angles are con-
siderably higher. (Sce fig. 6.) Actually, the
llowable duct expansion depends on the boundary-
layer conditions on the duct walls. The allow=
able cxpansion QWWlos given assume that the
boundary layer fills the duct as it does in a
long pipe, and exponsions moy de made at con=
siderably greater angles at o duct inlet before

& boundary l*v“. is formed.

C)

-4, Design the duct entry so thaot the air flow does not
‘ create pressurce peaks on the exteranl or internal
lips of the duct entrance (refereunce 5),

5. Duct inlets should be 'located whenever possible on
o stagnotion point.' Duct inlete located at
other than the stagnation point must be designed
to recover the full total pressure corresponding
to the flight spced.

shutters to control the duct air flow

8s Intornal 1
should not bhe used, as they regulote the flow
by destroying total pressure, which is wasteful
of power, See equation (1).)

7. The duct should have

¢ & smooth internal surfacs and
circular crosgss sect

ion when possible.
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8. The air flew should be discharged along the con-
' tour of the aerodynamic body at the duct out-
‘let, and the afterbody at the duct outlet
undercut slightly to dVOld a pressure peak.
(See Tig. 7(a).)

9. Wnen the flow distribution into the duct entrance
is asymmetricalyas in the case of an opening
in a boundary layer, dividing plates both ahecad
of aand Vbehind the cooling unit are required.

Air-flow control.~ The quantity of air flow through
a duct can be uffiCan ly controlled oanly by wvarying the
area of the duct outlet. ALl other devices, such as control
by position or ares of the inlet, internal shutters, ctc.,
are incfficient and will result in low duct efficiencies.
Since at the outlet '

Q= 85 Vg

and if the discharge is made in a regxon of free-stream
static pressure, the outlet veJoc1ty

. 2

"‘3 = "'{5 Hs
it is obvious that any decrease in the outlgt‘velocity
must be made at a sacrifice of total pressure Hyo From
aquatlon (1) it is furthér obvious that a decrease in Hy

sults in an inerease in power absorbed in the ‘duct,

The duct outlet arca. Ao, for a required flow Q,
may be calculated approximately from the ecquation,
Q , :

[iG )

in which p, is the statie preuQure at the duct outlet.
The constant 1.2 is introduced to allow for the venturi
contraction behind usual taperced outlets such as figure

7{b). I% may be omitte d if thé outlet. is shaped so as to
produce parallel flow, as in figgure 7(e¢)., The value of
H must be calculatod from the duct 30“5bn and ‘pressure

3
drop across the cooling unit.

The necessity for designing a duct outlet which can

be adjusted to provide Just %ufficient alr quantity for .



cooling in high-sgpesd flight cannot be overcemphasized,
This is particularly truc if the duct efficiency is low,

) )
CApTy

since the power absorbed varies as in which Vg
" :

is the velocity through the cooling unit and A is its

area, Cowling flaps and duct outlet controls are absolute

necessitiecs on higher speed airplanes, Numcrous test rew

sults demonstrate this fact,

In the case of airplane 3, which was not provided
with cowling flaps, an exit slot averaging about 2-1/2
inches 1in width was provided to give sufficient cooling
air for the climb, For the highe~speed condition the
cowling gap was reduced to 1/2 inch Dby fairing out the
fuselage width as shown in figure 19(d). This cowling gap
showed thot a satisfactory pressure drop across the cngine
of 9 inches of water was obtained for the high-speed condie
tion, This change in thoe cowling gap by refalring the
fuscelage rcduccd ths drag eocefficicnt of the airplane by
0,0017, A large poart of this incroement was duc to the
decreased internal flow lossesy however, o small part of
the increment may have been duc to the improved external
flow conditions with the smaller gops. The airwcooled ecn-
gine cowling of airplane 6 was provided with a main slot
and an accessory control slot having a width of approxiw
mately 1-1/2 and 1~1/8 inches, respectively. No cowling
flaps werc provided. The drag of the entire airplane

was increased by the incremeant of 0,0025, owiag to the

air flow through the cowling. OCalculations based on air
‘flow required for this engine indicated that the outlet
area could be reducoed to almost one-third of its original
sizec and the power required for cooling reduced from about
7.1 percent of the total alrplane drag to approximately
1.6 percent, ‘

In the case of airplanc 9, cooling of an Allison ca-
gine was provided for by a Prestone radiator located in a
wing duct without outlet control (fig, 8)s In the original
duct the outlet opening height was approximately 6 percent
of the chord, the alr gquantity about 17,000 cubic feet per
minute in the high-~speed condition, and the drag increment
0,0023, 3By reducing the outlet opening to about 3 percent
of the chord, sufficient air quantity (10,250 cubic feet
per minute) for cooling in the high-speed condition was
obtained and the drag due to the wind duct was decrcased
to 0,0008, The variations in the drag of thce wing duct
with outlet size and air quantity arc shown in figurc 9,
For this installation a large part of the differcnce bew
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twecon the measured internal drag and the ideal drag is due
to the preseace of structural members. in the duct (flg. 8).

The excessive drag without an outlet control for flow

egulation is further demonstrated by the modified oil-
cooler installation on airplane 8 (fig., 10). The varia=
tion of the drag increment with oxit opening and ailr quan~
tity is shown in figure 11l. Included is a curve showing
the ideal power required for cooling. As 1s noted later,
the large difference between the ideal and measured drag
indicates a relatively inefiicient system. Still another
case 1s the ilnefficient intercooling installation on air-
plane 1C0. As originally installed on the airplane, the
intercooler drag increment equalled 0.0012, In this con-
dition the intercooler duct was discharging into a wheel
well at a short distance hehind the coolimg unit (fig. 16)
w1thouu any energy rccovery. Of this total a drag coeffi-
cient increment of 1pprox1mmtely 0.0007 was attriduted to
the internal flow of about 6400 cubic feet per minute
through the ducts. By satisfoctory control of the outlet
of the duct the power required for cooling could be roduced
to about 0.0002 for the correcct quantity of air Flow.

The drag and air-flow characteristics of the under-
slung Prestone radiator ducts for airplane 11 are shown
in figure 12. For this airplane a study was made of two
Prestone wociator installations (figs. 13 and 14) designat-
ed as forrnrd and rear according to their location on the
fuse1“5\° in the forward installation two 9- by 19-1/2-

inch el real radiators were used, and in the rear in-
stallc 5 single 20-1/2~inch dinmeter radiator was uscd,
The res saow drag increments of 0.,0011 and 0.,00L0 for
the for and the rear installation when both are ad-
Justed i

‘he corrcct air flow. The large increasc in
roudd h&ve occurred if outlet control were not
¢tucts 1s shown by the steep slope of the

nerement against air flow (fig. 12).

[,.J.

. .

The heat dissipated in a cooling duct i further

s a
factor controlling the air flow since, when heat is odded
to the cooling air, the mass flow ig decreased and for
equal cooling the exit area must be increascd. This sube

0

Ject is discussed in refcrence 6.

,
b

2,

~

-

u

t_energyv.- The useful encrgy out-
is less than a third of the heat
he remainder is wastefully dis-

r and engine exhaust., Some

Recovery of waste hea
put of the gasoline engine
energy of the fuel, and %
charged in the cooling ai
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progress has recently been made in recovering a part of
the waste eanergy in the form of Jjet propulsion, The the-
ory indicates and experiments have verified the possi-
bility of recovering more than 10 percent of the engine
power by rearward discharge of the exhaust gases., The
optimum recovery occurs when individual exhaust stacks
are used for each cylinder, and limited data are avail-
able to indicate the coxhaust stack discharge arca for
maximum thrusts. In the case of airplane 8, flight tests
showed the high speed was incrcased approximately 15 milecs
per hour at an altitude of 17,000 feet by the use of in-
dividual stacks pointing rocarward (refercnce 7).

~The officiency of recovery of wastc heat from the
cooling air may be calculated by the method of Meredith
(reforence 8). fThe thoory -indicoates that thrust is de-
rived by adding the waste heat to the cooling alr at a
pressure above that of the cexternal stream, and the theory
has been verificd in some degrec by experiment (reference
6)+ The goins are not large but may be sufficicnt with
& well-designed cooling system on a high-speed airplanc
to compensate for the ccoling losses.

1)

Alr induction system,- Good military performance re-
guircs thot maximum ongine horsepower be maintained at
high altitudes. For this purpose blowers and intercoolers
are provided to maintain the density of the mixture air
for the cungine at or slightly above the sea-level density.,
An important source of available blower pressurc is the
dynamic pressurc of the air stream. This pressurc is
available for ramming at any of the airplanc stagnation
points, and failure to utilize it fully is doubly harmful,
An acrodynemnic power losg occurs -in handling the cngine
air at lower than free~strecam total pressurc according to
equation (1), and an engine power loss occurs corrcesponds-
ing to the recduced pressurc at the carburector. Values of
the ram pressure available at standard temperaturcs for
differcat altitudes and at various flight specds are shown
in figuroc 15,

In the uvsual two-=stage blower engine installation
the engine air passes progressively through the carburetor
intake, the primary blower, the intercooler, through the
carburetor, and then through the secondary blower to the
engine., The air is heated by the adiabatic compression
in the primary blower, and for efficient oparation this
heat shouvld be removed in the intercooler. If the air
temperaturce at the cngine is allowed to rise becausce of



L I~480.

11

insufficicnt intercooling, the difficultics are numcrous
and ianclude:

1. Lower density of intakce air to the engine lecadiang
to lower cngine power.

2. Barlicr knocking of cngine with a given fuel. It
is desirable to avold air intake tcmperatures
above 120° F.

3. Greater sceccondary blower power required for a
‘élvcn increase of intake air deasity.

Most of the difficultiecs of supcrcharger installations
will vanish if officicent blowers are developed, and in
fact it may be possiblb then to completely eliminate the
intercoolers  Since the change of the air temperaturce with
altitude is approximately adiabatic, the intercoolcer prin-
cipally scrves to remove neat added decausce of the blower .
inefficicnecy. The low blower efficiency is harmful sinco
it not only nccessitates the complicated intercooler ine-
stallation but dircctly requires groater engine power for

the blowver Onorwtlon. Power is first taken from the en-

gine to heat up the eardburctor air oad further power is
absorbed in the intercooler ‘to cool it again.

Tie difficulties in the intercooler installations
tested in the full-scals tunnel were normally those due
to spacc LQSt?lCtiOlS. On single~scater airplanes such as
airplenes 8, 9, and 10, the spuce available for the inclu-
slon of large reetany ulur intercoolers was limifted. This
led: t0o awkward and ineff1c1ont gucts in bo h tho cooling
and cngine ailr passages (fig. 16). The inte rcoolers were
gencrally attached to an airplance which )vcv1ously was
coguipped with an unsupercharged engine, In cases such as
thesc the expected falilure of the intercooler Lnstallation
vitiatcs the catire design. o ‘

Ty

Externnl Flow

The drag added to an airplane by the power plant ia-
stallation owing to changes in L o external flow is not
rcadily calculable, The dra is cssentially dve to in-
terfercance, and the detrinont 1 effcets of external flow
disturdonces depend cn the magnitude and location of the
disturbing element and wupon tpe stability of the flow be-

hind it.e The basic condition to which airplanes equipped



with various power-plant insta llwtlons should be compared
is an ideal streeamline airplane having sufficient size

to accommcdate the pilot and military equipment. Any
changes in the fuselea size or shape required to #Hccom-
modate the cngine 1nstallat10n must be charged agoinst it.

In this connection a fow data on the minimum drag
coefficients of ideal combinations may be of interest. It
is realized that comparisons of drag coefficicnts which

eglect the wing loading are of little interest; however,
most of the comparisons made apply to wing loadings of
about 30. In the varioble-density tumel tosis on combinations
of wing, fus sclage, aand toil (rofero1ob 9), 1t was found
that o drag coefficient of 0.0128 could be recoached for an
jdeal midwing airplanc combined with an NACA 111 fuselage.
Tests on airplanc 9 in the full-scale tunnel in its fully
streamline coadition (fig. 1(i)) gave a minimum drag coef-
ficient of 0,0145; however, the wake measurcments over the
wing showed that the manufacturing roughness and w1ng Pro=-
tuberances occcounted for 00,0013, uLd gsimilar fusela lre-
regularities would proboadly aohount for another oubotdn“
tial item. In o polished-model condition its drag coeffi-
cient might lic between the values of 0.0125 and 0.0130,
For airplane 8 with o slightly larger fuselage a minimunm
drag cocefficient of 0.01l55 was measured for the airplane
in o similar smooth condition but with the canopy in place
(fig. 1(h)s This would probably reduce to 0.0135 for a
model tcsted in a polished condition,

A lorge difference ay exist botween the drag coeffiw-
cicat of o smooth pnlisho¢ nodel tested in a wind tunnel
(cven assuming the tronsition peint is fixed ot the same
location) and the drag coefficient of an airplone built
according to the best modern flush rivet,é practice but
including such itens as pitet tubes, ailcron gops, wind-
shicld roughness, manufaciuring irregularitics, etc. This
item,which is in the nature of a hidden drag incremcnt, ac
counts in part for the failure of snooth model tests to pre
dict the high-speed drag of airplanes with the conventional
extrapolation nade accordiang to the skin-friction law.

engine installation can be housed

sonmewhat larger diameter or

s cquired for the pilot and
is necessary to charge the engilne

1nstall tlon with the added skin-friction drag due to the

greater fuseloge surface area. This may becone a signifi-

cant item if an attempt is made to obtain opitinum offi-

,
o3
'_j
G
o)
Y
7

@ M

ciency and emphasizes the necoessity for smalli-dinneter engincs.
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The drag iuncroements on moﬂern nilitary airplancs due
to larger fuselage size are aller than those introduced
due to changes in the ideal str anline shape such as occur,
for cxanmple, when poorly designed scoops zare added ncar
the airplane nose., The generalization may be nade that any
change in the airplance shape which tends to increase the
adverse pressure gradients or the maxinun value of the ancg-
ative pressure occurring on the body will increase thoe
drag, withh the effects beconing nore serious as speecds op-
proach 450 to 500 niles per hour . The separa ate itens in
the various power-plant installations which may create
arhg by chenging the alrplane shape and disgsturbing the cx=-

nal flow are conside red in the following, ’

Ailr-cooled engine cowlings.- The conventional inctal-
lation of an air-cooled engine at tanc nose of the fusolog
results in an alrplanc with a siape sorewhat nore blunt
than is the best from the standpoint of drag. This is
substantiated by the fact that the negative pressurcs on
the best NACA Cqulu& reach values fron ~O0, 6q, to =0.8q,
in contrast with values of loss than O «20, On good stroan-
line noses. In the belief that these n qxtlve pressure
increascs lead to higher drag, %reamllne noscs were added
to two of the airplanes tested in the full-scale wind tun-

el (figs. L(h) and 1(J)) to ascertain the arag increment .
due to the NACA cowling with no air flowing. In the case
of airplane 8 the drag coefficient was decreased by an in-,
crement of 0.0020 cwing to the addition of the streamline
nose., In the case of airplane 10 the addition of the '
streamline nose decreased the drag by a smaller increment
of 0.,00133 however, as can be scen by ocmpmrisons of fig-
ures 1(h) and 1(j), the nose on airplane 10 was not of a’
type which would as effectively recduce  the negative pres-
sure as that on airplanc 8. ' : '

As previously mentioned; the comparisoas werﬂ'ﬁadc
with no air flowing over the engine;, and an attempt was
made in the case of airplane 8 to improve the shape of
the cowling so as to approach more nearly the drag of the
solid strcamline nosc and at the same timo provide a mefhod
of cooling the engine. Long-nose cowlings of shape sinmilar
to those shown in figure 17 were tried in an effort to
maintain a good external shape and at the same time to pro=-
vide sufficicnt air flow. It was found that the long-noso
cowlings with alr flowing through them showed no docrease
in drag over that of the eccaventional NACA cowling, indi-
cating that some peculiar internal or external flow phe=-
nomena exlsted to nullify the goains which apporcantly should
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e realized from the improved external shape. This in-
vestigation was of a preliminary nature and more detailed
investigations are now in progress at the laboratory.

For conventional NACA cowling installations, it has
been found that the best net efficiency and the minimun
negative pressures are realized for.cowling €, which wos
developed from tests in the NACA high-speed tunnel and
reported in roference 10,

Ian o further attempt toward improving the dblunt shape
of the HACA cowling, tests were made with spinners of var-
lous sizes attached to ths propeller (fig. 18). These
spianers varied in size from 17 inches diameter corrcospond-
~ing to the coanventional de-icing spinner up to 38,5 inches
diametcr. For a part of the tests with the spinners, cuffs
were also added to the propeller. The results showed that
the mediwm spinner increased the over-all propulsive effi-
ciency Dby about 3 percent in the high-speed condition and
providad sufficicent cooling pressurc. The lorger spinners
produced about the same increase in propulsive efficicncey
but did not provide adequate cooling air to the engine.

The addition of the cuffs did not increase the propulsive
efficicncy in the high-spced condition, although. it would
be expected that the available pressurc for ground cooling
would be dincrcased. The reclatively small increases in pro-
pulsive efficicnecy noted by adding the spinners are not
believed to be the ultimate that can be obtained in this
way since the FACA cowling will no doubt regquire modifica-
tions when used in conjunction with spinners. Study on
this problem is scheduled for further research.

With the use of the NACA cowling and its attendant
large negative pressure rise, it is exceedingly important
that the fusclage behind the cowling be correctly designed
to avoid sharp pressure gradients and to return the nega-
tive pressure to free-stream pressure with a minimum of
disturbance. The high adverse pressure gradients are conw-
ducive to flow separation with o resultant drag penalty.

An attempt was made in the case of airplane 8 to improve
the afterbody shape by lengthening the fuselage approxi-
mately 5 feet by means of a conical extension (fig. 19(B));:
this resulted in a decrease of drag coefficient of 0.0005
for the airplane with the NACA cowling without cooling air.
For the airplane with the so0lid streamline nose the drag
was the samec with or without the lengthened afterbody, A
further small change was made by enlarging the tail of the
cockpit canopy to decreasc the divergent air-flow angle.
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- This had no measurable effect in the case of the NACA
cowling; however, the change increased the drag of the
airplane by 0.0006 in the case of the streamline nose
installation.

Some alir-cooled engine airplenes when viewsd from

- the top show a distlnct necking-in of the fuselage aft

of the cowling, On alrplane 5 the fuselage was modified
80 as to ellmlinate this necking-in featurs, as shown in
figure 19(c). The straight-line fuselags elements ex—
tend from the front of the fuselage to polnts of tangency
aft on the fuselage. This change reduced the drag coef-
ficient of the airplane by O. 0009, A similar change wag
made on airplane 6 {fiz. LB(a})which reduced its drag
coofficient by 0.0006. N

Air inletg.~ The rules for the design of duct inlets
are not o well established as those for the -deslgn of the
outlets. The principles are. known, however, and have been
verified by experiments, It is a primary requirement of
a duct inlet that it recover the full total pressure cor—
regponding to the flight gpeed of the airplane. If the
total pressure at the inlet is less than ‘H, there will
be a power loss calculable by means of equatlon (1). The

opening should ‘therefore be located at an existing stag—
natlon point such as the wing leading edge or the nose of
‘the fuselage, or at an artificisl stagnation: point created
by means of a scoop, The use of scoops l1le discouraged,
however, by the requirement that the flow into and around
duct inlets should not create local gradients in the pres—
sure distribution over the body or increase the values of
the negativs pressures above thosge of the body without the
inlet. A well-designed opening at the nose of & wing or
fuselage will in fact tend to reduce the negative pressures
over the body near an opening since a part of the alr is
bypassed through the duct and the external velOuities are
lower (fig. 20), ' . .

Large adverse pressure gradients (negative to posi—
tive) cause a transition from lamlnar to turbulent flow,
and tend to precipitate flow separation. Large negative
preossures on a body further lead to compressibility effects
at low critical speeds, and require that the afterbody
be long to reduce the adverse pressure .gradients., While
awalting a theory for specifying the shape required. for
openings of different size and air-flow quantity the ex-
perlments of reference 5 may serve as a guide. -By properly
proportioning the opening, inlet velocity ratios V /Vo
may be varisd over a wide ranges without increasing the
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external drag. When the internal duct passages cannot be
designed to expand the alr efficiently it may be desiradle
to provide low inlet velocity ratio to reduce the duct
losses. ' ' ' ’

The corners and sides of rectangular duct inlets
should be carefully rounded and faired into the body. If
an cptimum hijh-speed opoéning cannot be designoed to accom=-
modate thc climb and ground cooling conditions, an adjust-
able inlet should be provided, The stagnation point on a
wing shifts with lift coofficicent and for this recason an
optinum wing duct for both the high-specd and climd condl-
tions should have an adjustable opening. (Sece refercnce
11.) It moy sometimes be possible to arrive ot o compro-
misc arrangement which will be satisfactory in climb aad
have almost optimum high-speed cefficicncy. The effécts
of the slipstream in shifting the stagnation points on the
wing may, however, be the critical factor in the design of
wing duct inlets. The effcects are discussed in referoconce
12, and satisfactory solution of the problem may lead to
the necessity for adjustabvle inlets.

Although scoops are not the best typce of inlet open~
ings, they have becn widely used on the airplanes that
werc tested in the fullescalce tuancl., External carburetor
scoops were particularly popular since the carburetor ram
pressurc can be obtained most readily in this moanner. In
most ceses 1t was found that the airplanc drag was sub-
stantiolly reduced by refalring of the scoops.

Refoiring the carburetor scoop of airplanc 2 and the
cowling ohcad of it as shown in figure 21(2) recduced the
airplanc drag coefficicnt by 0.0010. This further helped
to maintain thoe carburctor pressure up to high angles
attack. The addition of the carburctor scoop %o airplanc
8 (fig. 21(b)) increasocd ths drag coefficient of the aire
planc by 0.0006, This scoop could have been improved by
increcasing the leading-edge radius and lengthening the
afterbody. Small sharp-cdge scoops (fige 21(c)) were uscd
in the wing=fusclage fillects of girplanc 9 which addcd
0.0019 to the draog coefficient of the airplanc. In figure
21(c) the tufts show the large.oxtontbof the flow disturbe-
ance on the airplane coused by these scoops.

Tuft operation in airplane 10 showed that a satisfac-
tory flow cxisted over the carburctor scoop,which was lo-
cated in the nose of the cowling (fig. 21(d)) for the

N

power-off condition; however, with the propcller operating,
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a distinct flow separation was observed on the downstrean
side of the scoop owing to the slipstrean rotation.  To
elininate this undesirable.flow, the sides of the carbu-
retor‘scoop were faired out nore gradually into the cowl=-
ing line, as indicated by the soection line on figure Zl(d).
This :alrln@ dncrewsod thc drag coefi1c1nnt by O 0006.

_ Thrne differonu-thco of carburctor "coops ware
tested on airplane 11, “{Sec fig. 21(3) ). 'The nost satise
factory scoop fron ‘the SuﬂﬂdelPt of both dra g -and rap
pressure was the one designated as rcvlscd foruard inlet.
The churwcterlstlco'of the three types of: carburetor
scoops are.given in table IT1. The superidority of the re-"
vised forward inlet is due to the improved shape of the
nose, which is more nearly parallel to the streamlines
and to the elimldhtlon of the lower lip on the original;
inlet. It noy. be desira blc to widen the revigeéd forward
inlet ond fair 1t more bradu llyinto the fuseluge a8 was .
done in the case of alrnlnnc 10 to avoid losscs due to ro=
tation of the slipstrcam

Tho airplanes have been most scvcr lJ pcn llzed by
the oil-cooler installotions, since in most cases the oll.
coolers oppear to -have been added to the Lrplanes as. an
afterthought. The cir for the oml cooler of airplane 2
(fig..22(a)) was taken in by means of a scoop’on the under:
surface of the wing, was passed  through a. cross~-flow wing
duct in which. the cooler wos located and &1echurgbd through -
louvers on the upper surface of the w1ng._ The duct was
at an ocagle of approximately 45° to the. wing chord and- the:
air wos discharged at about this angle to the. upper sur-
face, Thé tufts in figure 22(a) show tho flow interfor-
ecnce due to the incefficient discharge, ond o dra g incre~
ment of 0.0020 was medsurcd for this installation. The
.drag increment for a satis factory oil cooler. instullwtlon .
on this airplo nb should not exceed 0.0004.  On ¢ 1rpla‘o 3
the 01l—coolpr scoop was located od the bot+om of the fu-
selage at the rear of the WACA ‘cowling (flg.,‘E(C)). For
this insta 1L«tlon a drag increment of 0.,0007. was measurcd,
which is no% considered excessive for the.ekternul instal-
lation. It will bo noted thet this scoop has o well-
formed streamline Sﬂuluo.m ‘ ’ T

The -0il= coolnr scoop on airplanc 4 was placed on. the
top side of the NACA cowling, as own'in figurc ?B(b).

The over-all drag coefficicnt of the installationobtained
by removing the sccoop and svuling the ocutlet was 0.0007,
This was roduced to 0.0003 by refoairing the scoop, as shown

4
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by the section lines in the figure. . An cxtremely inef-
ficicnt oil-coolcr installation was used in airplanc 8
fig. 22{da)). It consisted of a sharp-cdge scoop locat-
ed on the bottom of the fuseclage which divertced air at o
rather sharp angle up into the oil-cooler ducts located
in thce fuselage. The air then was discharged at an angle
of about 60° to the fusclage axis. This oil-cooler in-
stallation failed to supply sufficient air flow for oil
cooling ond in addition increased the airplanc drag coef-
ficient by an increment of 0.0017. Since it was impossi-
ble to modify this installation without najor changes to
the sirplanc structure, on underslung radiator installo-
tion was designed to be attached to the bottom of the HACA
cowling (fig. 10). When the reguircd quantity of air
flow passed through the cooler the drag coefficicnt was
0.0009. - To determine what part of the drag was due to the
protuberance and what part duc to the air flow, the oil-
cooler. duct wos faired over at the nose and tail so as to
prevent air flow, and an incremont in drag coefficioent of
0.0004 was measured, ‘

As an example of on extremely poor installation and
ax illustration of its harmful offects on the airplonc
draz, rcsults are prcsentcd for the temporary oil-cooler
installation which was installed on airplanc 9, as shown
in figure 22(e). This large scoop inereascd the airplanc
drag coefficient by an increment of 0.0040, which corre-
sponded to approximately 25 percent of the entire airplanc
drag. This installation was later chonged iato o relo-
tively inefficient wing duct in which location it in- .
creascd the drag coefficiocnt by 0.0011, A wing duct oil=-
cooler installation was also used in airplance 11, as
shown 1ian figure 22(g).  The duct passages through both
wings werc bent sharply to avoid interference with the
landing=-goar struts and o considerable loss in internal.
efficiency resulted. The drag coefficient of the airplanc
was increased by 0.0006 because of the wing ducts. It is
believed that with an efficient internal duct the drag
coefficicnt would have been incrcascd by no more than
0.0004 for this installation. The oil coolers for alr-
plane 10 were located in strecamline ducts on the lower
surfaccs of the wings outboard of the fuselage. The oil
coolers were approximately half submerged into the wings
(fig. 22(f)). These oil-cooler installations increcased the
airplane drag coafficient by an increment of 0.0008. As
a check on the added cxternal skin friction drag due to
these ducts, streamline noscs and tails werc added to the
units and 2o drag coefficient incremecnt of only 0.0001
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measured. Thils substantiates other data show1ng that
streamline blistérs located at noncritical positions on
the airplane do not add large 1ncremcgts.

The largest scoops added to the airplancs werc those
provided for  the Prestone radie vtor 1nstallnt10ﬁu on air-
plancs 7 and 1%, ~On airplaone 7 in its original condition
the Prestone radiator was located under the.Allison enginc
and‘below'thw'aormwl fuse¢lage linc, The} vir was taken in-
to:the radiator by means of a large. sCoop which is sketched
on figure 23(a). This insto v1lation incrcased the drag cow
effic Lou“'of the airplanc by an ingrement of 0,0034, In
an attempt to reduce the drag of the Prestone radiator ine-
gstalla tion, the re diator was raiced so as to.place it with-
~1ﬁ the original Tines of the :uscl agc POou,uS ahown in

figures 23(b) a“d (c) CTor this a arrangement it will be
noted that the inlet did not protrudc below the normal
fusclago“linc.- ‘The drag coefficicnt of the modificd in
stallation was -0,0017 or approxi inately one~hulf that of
the origin al installntion for the same alr flow quantitye.
Othecr scoop arrangements similar to the modified scoops
uscd on oirplane 7 wﬂre invcstl wteﬂ on nlrplwne 11.
Again the Prestone radiators wcre ingtalled within the
coriginal faired- conuour of tﬂu fusel age ;. nowcv r, the
seoop inlct protruded ligatlm below the ori al fuselage
line (fiz. 13). Owing to uhO efficient 1ntorna* flow made

sgible threough the ﬁrwéua¢ cxpansion of its internal
duct, o drog coefficient incremeat of on1J 0.0011 was
measured foi thi“-mlrplano.“A, imilar un“cfaluvb sSC00D
arru;gbnenc‘was'tnst d 1n Wi 1ch uhe'vad*wto; was located
within the ‘fuse *age ‘near the ailing odge of the wing
(fig. 14). For this ‘casé Ulth the cocling aoir flow as
for the forward-unddfblﬁﬁ arrang omv”u,'tan drag coeffi-
cient increment was $.0010,. B Attontlon is called in both
of these cascs'uo +hb fact tha at, with a well~ designed
scoop cven of large size such as bhcy'n Just deocrlbel, QX

.

cessive drags wcrc-ﬁot obt 1“ed.

"Rules for the desiga of Scoops sed on-the experi=
cnce goinced with the dlrblwﬂc are ns follow 3

1. . Provide a nosc rn 1ius'oﬁ”tae 11p° of the scoop
similar to that at the nose of an airfoil.
Fever wusc a sharp-edge scoop.

2. Frovide sufficient comber in the scoop contour iso

s to match the stréamlines of the flow,
inlet velocities require more.

.Scoops with low
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camber. (Sec fig. 24.) When possible, ncas-
ure the pressurc distribution over the scoop
with correcct ailr flow through the opening.

Z. Until more detailed data are available, design
‘ the scoop inlet aren to provide an inlet ve-
locity of from one-hnlf to two- -thirds of the
stream velccity at the high-speed condition.
If the scoop inlet is not made adjustable,
the inlet velocity ratio will necessarily be
required to be 1ozcr and the camber in the
scoop greater. (Sce rule 2.) ‘ :

‘4, Provide a well-shaped afterbody behind the maxi-
mum scoop sectlion with quflClont length to
avoid flow seporation. Four times thc scoop
height will generally suffice, although an
'uftcr“odJ too short will be much more hurmful
than onc too long.

5. When the scoop is.located in a cross flow such
' as a propeller slipstircam, falr the sides of
the scoop gradunlly and omoothJJ into. thée body
~djocent to it (fig. 24).. The sides of the
"scoop for this case correspond to the after—
body in a straight flow.

6. If o scoop - is located in o thick béundary layer,

: considerable difficulty will be cexperienced in
obtaining high efficiency. , The inlet area
should be exactly proportloned t0 av01d flow
separation in the boundary layer aaeaa of the
inlet, and vanes used in tre duct to Obtmln a
more unlform ve 1001ty distribution.

Exnaust stacks and +urbocgpercharger.— The 'require~
ments for the recovery of thrust from exhaust stacks by
rearward discharge of the heated gascs have already been
discussed. However, it iz desirable to further consider
the cxternal drag due to protrudlng cxhavst stacke on the
fuselage. Tabulated rcsults on the drag due to the vari-
ous exhaust stacks are given in table III.

The exhaust stacks listed are for air-cooled engines
with the cxeccption of those for airplanes 7 and 11. The
twin stacks on the air-cooled engines protruded from the
enginc cowling at right anglces except.thoae for airplanc 5
which werc directed to rcar at an angle of approximatoely



of all thecse installations is comparatively

45°, The drag
large and their form drag may be reduccd by the elimino-
tion of sharp edges ot laorge angles to the dircction of

har
flight, by discharging the stacks to the rear and by T -
ceseing them into the forward scction of the fusclag
The advantages of iandividusl stacks are discussed in an=
othor scection of the paper. - '

It will be noted thoat the stacks as used on the
liguid-cooled engines of .1T§lwﬂ€b 7 and 11 have much
lower drog than those for alir-cooled engines.

The drag. of externa14turbosunerchargﬁr installations
ohy ag demonstrated by the 25.5~pound droag measured
v the complete installation on airplane 9 (fig. 16(a)).

A drog broeck-down for this installation showed that 2.7
pounds drag was due to the cooling system for the exhaust
lines from cngine to supercharger which had inlets in the
leading odge of- the wing, 7.6 pounds to the bypass stacks
(fig. 18(a)), and 15.2 pounds to the supercharger. The
high drag of +this inetallation indicates thot for a highe
speed alrplanc, it is impoeret 1vﬁ to enclose the super-
chorger within the ailrplane with an f;lClent duct systom
for cooling the rotov and alscn|r”11 the ceooling alr and
exhoust gnees, . : ‘

Exhaust Stacks

Airplanc Figure = Drag at 100 mpn

‘(1L)

i 25(a) 7 8.6%
‘5 e5(v) T - .2

s 1) 4.
7 1(e) 1.8
g - Sse(a) 3.4
11': 25(c) ' 1.3

*¥*Drag measurement made by placing streomline blisters
over stacks instead of renoving them,
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Wings
The profile-drag coefficients of wings were moasured
for nll of the airplanes by means of o wake rake (reference
2). THumerows surveys were made along the span of the wing
et

so ns %0 ohtoain an average value of the drag cocfficient
oLi the meon values arc given in table IV,

The drag_vwlub%“were measvred at a tunnel speed of

85 miles mer hour, and values have becn cstimated for the

dras of o swmooth wing with the samc sections and plan

form to scrve as a basls for comparison. The smooth-~wing

doto were obtained from full-scale-tunnel dota on smooth
1r1011% tosted at the same Reynolds number. The drag co-

ficient increment ACp represcnts the irag due to rough-
ness, rivets, laps, ctc.

Since it may be of considerable intcrest to predict
the drag of service wing from the full-scale-tunnel tosts,
or at loast to determine whether drag increments due to
wing protuberance and roughness measurcd at the tunnel
specd apply at flight speeds, a brief review of present
concopta on skin friction is presented. The drag results
nust be strictly interpreted to avoid inaccurate estimates
of wing drw” at high speeds and high Reynolds numbers owing
to the widely varying effects of roughness and compressi-

In attempting to compare the effect of roughness, such

as rivets, laps, etc., at several different Reynolds num-
bers, it is nccessary to know the extent of the laminar

and turbulent flow regions on the rough wing for the specds
at which the comparison is to be made. It is characteris-
tic of a row of rivets or other 'protuberance on a wing to
fix the transition from laminar to turdbulent flow at the

location of the rivets. That is, a row of rivets on the
20-percent c location of a wing will definitely fix the
trangition point at this position regardless of the Reynolds
number. For cxemple, a smooith wing at low Reynolds numbers
may have its ftransition occurring at the 0.50 ¢ position;
the addition of a row of rivets at 0.20 ¢ would add a

large drag increment made up of two parts, namely the form
drag of the rivets and the drag due to the more extensive
region of turbulent flow on the rough wing (fig. 26).

With increasing Reynolds numbers, the transition point
moves forward aolong the chord (reference 3), and it may

be thot at B cguals thirty million even on a smooth wing,
the transition point would normally occur at 0.20 c. In
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this case, the addition o¢f the row of rivets at this lo-~
cation would add a conglderably Lower drag increment ecual
to the rivet form drag, and no extra drag would be caused
by a shift of the transition point. The drag increment
obtained in the low Reynolds number tests 1s therefore

not applicable at higher Reynolds rumber unless correc-
tion is made for the shift iIn the transition point. (Sce
reference 13.)

he effects of protuberanceés added in
the drags of roughness or pro-
turbulent regilon of a smooth wing
aynolds number (fig. 27) so that
1¢*iu*05 measured in low-scale
congervatively predict thelr drag
foct 1s probably due to the thin-
the nighé” specds, which nmay
c: s to protrude. through
e drag increment measured
increased or dcecreased

In contrast t
the laminar-flow v
tuberances added i
incresasc with iacre
the effect of wing
wind-tunnel tecsts 4
at flight speeds.
ning of the boundar
cavsc vhe 1rrogu¢"rit
the boundary lay e
in the fuvll-s cuio funuel
at flight Reynolds nuuocrs, ore, depends upon the
location of the wing irrecgular e¢s with reforence to the
transition point on a comparable smooth wing. If the rough-
ness bogins chead of the nominal smooth wing transition
point, the drag increment will decrcase wiith incrcasing

cale, and vice wversa.
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With existing convensional airfoileg, such as the NACA
23000 scries, the transition at high Reynolds numbers (say
30 million) occurs close %o the ninimum pressure point,
which at a lift coefficicnt of 0.15 is near the 0.15 ¢ po-
sitione. Owing to the initial turbulence in the full-scale
tunncl, the tronsition point on & smooth wing at the test
Reynolds number of 5 million also occurs ncar the same

S
e
O

chord position, so thot in t} extrapolation of the smooth
wing drag. to hlahcr_Reynolds number, no increment is necde-
ed to take into account the diffcrence in the transition
point. .The oNOOEh wing dr&g can be cxXtrapolated along o
nodified turbulent skin-~fricition curve defincd as followss:

n -Lllqﬂ O?ll
(i) (6)

OQwing to th
the tunnel

lepding cdges
larities were



24

From the previous discussion, this would indicate that
the drag increments measured in the tunnsl tests are con~
gervative and that, at flight speeds, the effects of the
surface irregulerities will be even grester. The extent
of the drag increasse with speed for some types of irregu—
larities is shown in reference 13. (See fig. 27.) "

In extrapolating the drag coefficients to higher
Mach numbers, it is necessary to correct the usual
Reynolds number extrapolation for the increased drag due
to compressibility. As a first approximation, at speeds
woll below the critical, the drag coefficient should be
Ancreased as follows:

o w0 (1442 | (7)
Pe Di( “>

in which M is the Mach number and equal to the ratio of
the mpeed of flight to the speed of sound., The effects
of compressibility on the drag due to wing irregularities
depend intimstely on the types of irregularity. High-
speed tunnel tests on rivets and laps (veference 13) show
that up to speeds of 500 miles per hour thelr form drag is
not greatly dependent on the Mach number since the local
velocitles over the wing ave not appreciasbly changed, In
the case of one wing, however, in which a local surface
Irregularity existed thet ceaused a change in the surface
contour, the critical speed was greatly decreased.

Based on the foregoing discuassion, the extraspolation
of the wind-tunnel results to flight speeds may be made as
follows:

1, Extrapolate the smooth wing drag by equation (6).
2. Corract for compressibility by equation (7),

3. Add the drag increments due to surface irregulari-
-, . tles as shown in figure 28, In general, 1t
will not be conservative to use the roughness
increments measursd at tunnel speeds,

L, Ascertain whether any of the wing irregularities
modify the veloclty field over the wing and
correct the critical veloclty accordingly.
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A review of the wing drag results reveals several
interesting facts. Fadbricecovered wings with flush
stiteching such as used on airplane 4 {fig. 29(c), have
drags as low as the best fluoh riveted metal wings.

forated urollhn ~edgae flaps ndded drag
¢ and C.N0L6, ebpectlv ly, for air-

}) and 6. The increments were mecasurcd
perforations covercd and opcen.

A typical cxample of the way in which s#mall wing
protuberances, gaps, and roughuness increasc the drag is
shown by tg momentum measurements on the wing of aire-

planc 9 (fi 20). This wing ig flush-rivetced and has
butt JOlnta on the lateral scams and lap Jjolnts on the
longitudinal scams. The cstimated smooth-wing drag cocf=

cd sgervice wing drag co=

ficicnt 1g 00,0060 and the n T
g of the increment of 00,0013
T

e
efficicnt 0.0073, The sourc
Yol

c

in Cp arc cstimoated from figure S0 to be as follows:
Tolkway ond 1o iilﬁ~ghar falring bumps 0.00015

Gaps around ailcrons 00020

Manufacturing irregularitics . 00080

4 e At riimte ot At

Motal ' 0.0015

Similar iacrements have beoen mensurcd on other aﬁrpl'ncs
for the same items. On airplanc 8 two sanded walkwa
protruding chout 1/8 inch above the wing surface incre wsed
the wing drag coefficient by 0.0007. The itom labele
"menufacturing irregularities" ineludes smoll surface. ais«
continuifics, waves, roughness, ctc. The drag. of onc #0Cw
tion of the wing on ailrplanc 8§ wos reduccd ,bout 0.0006
by filling i% carcfully with paint and sanding with Fo.
400 water sandpaper, This drag increoment wag verificd in

a flight teste The goaps in cenveantional ailerons add an
increment of from 00,0001 to 0.0002.

Cockpit Conopies

fications of & number of the cockpit o

stigated, but only in the case of airplane 9 was
icable to remove the canopy to measure its entire
aLar ‘

. o e T F- AR S ~ 1 et [ELCE. ry oo
s o ine origsinal ond three modificd caono-
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the sharp core

v

f the flat-sided windshield was

tested on airplane 11 (Fig. 31(e)). It will be noted
that rounded sections were placed between the flat sur-
faces to eliminate early compressibility effects. This
windshield wvhen tested on the model without carburetor

scoop in place gave a reduction in the alrplane drag co-
efficicnt of 0.,0002, which was due principally to in-
croﬂsinm its length. A repoat test with the modificd fore-
tard carburctor scocp in ploace, “0””Vef, showed no reduce—
tlon in drag, furthcer demonstrating that the drag of the
canopy is critically affected by flow conditions, St,uic
pregsure measurcacents on this windsliald 1n01cutca tha

its criticol spced would be as high as for the orig ’m%l
roundcd windshicld.

On airvlone 10 (fige. 31(a)) o comparatively large

drag reductiocn was obtaincd b»y in cvvw31ag the radius of
the windshield at its Juncture with the hood and slightly
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recducing its angle Thac medificd carnopy of airplanc 5,
although of greater helght nnd cross—-sccitional arco than
the original canopy, did not iancrease the drog, swing to
its improved shapc.

The largest drog reductions were obtaincd on alre
plance 8 {(fig. 31(4))e. Inasmuch as the unflapped cngino
cowling on this airplanc allowed o far greatvter amcunt of
air to flow than would be opitinum for the high-speccd con-
dition, thec tests were nonde wlth the cowling gop scaled.
Rounding the windshicld and climinating the sharp cdge
at its Juncture with the forward hood reduced the airplanc
cosfficicnt by 0.0011., The climination of the quarter

o}
e
_ scetion by on
the totol reduction 1o 0,00
the enlﬂ

0
drog roeduc
faces, thi

e

There were four general types
gears on the airplanes tested: (

the sides of the Ffuselage; (2} w
to botvom of front spars
tate through 90
struts pivotecd above the lower
swinging inboard so as to mlace
the wing; and (4) $tricycle gear w
ting into nose of ¢uuviage and rear
similar to type 3. The drags of the
given in table VI were determinced
*.

<]
o

ha
71

original retvactced ge ars and the ai
condition with all lw ng=gear opcu
parts climinated.,

The resulits
showed th
wells would produce
la ndlno gecar of

apprcciable drag
type 2 on ailrplanc 6

of nll of those tested. As indicated in

modifications of the gz
and improviang the fair
together
wells by
did not produce a large

ar wore inves
i

»-
v
]

g of

ith rounding the edges of

. =
| N

reduction in

¢ of greater length brought
1. Fairing out
f the movable hoods 4id not produce o measurable
tion; however, on an airplone with s“ooth suf -

g change would undoubtedly

which swing
to place them in wing wellss

surface of the
] entire
th frornt whecl retracte—

T
LY

from the
gho drog at 100 miles per hour of tlo

obtaincd for the la:
at the use of flush cover pl

aserting o holf round scction 1~1/8
m»

the Jjoints ot

be beneficial.

of retractable landing
wheel retracting
.s on struts attached

into

to the rear and ro-
(%) whecel
wing and
gcar within

theels retraction
1andinw gears as

differcnces in
Llrpla cs with the

pl wnes ian o smooth

ngs and protruding

recuctions. The
gove the highest drog
the table, scveral
tigatoed, Extcndiang
the oleco struts (fig. 33{(c))
the rear holves of the
inches wide
in drag. The usae of
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wheel-well cover plates proved effective and with the
addition of the faired oleo struts reduced the gear drag
from 14,8 to 3.9 pounds, the lasttier quantity represcnt-

ing the drag of the faired olco struts. A si 111 r type
"gear was uscd on airplane 7 (fig. 33(b)). The scaling

of gaps and 1nprov1nﬁ the pleo strut fairing (1t“m 1,
fige 33(c)) reduced tho drag 4.~ pounds whilec the exten-
sion of the wheoel covers to includce the entire wheels

(item 2) Dbrought the totael drag recduction to 5.3 poundse.
o fo ]

The lowest landias gear drag for the airplancs was
measurcd for the type 3 goar on airplanc 8 (fig., 33(£)).
The catire elimination of this drag would be possible by

aling the cover platcs against leakage and improving
the falrings of the Jjoint w1th toe w¢ng surfacce. This
type of gear haos the advantoage over preccding types in
that the oloo strut may be readily retracted into the .
Twinge '

The tricycle gear on nirplanc 9 (fig. 33(e)) proved

to be onc of the higher drag arransements, This is
attributed largely to the fact that tLe main wheecls pro-
truded about ono-third of their fhickness as shown 1in the
photographs On o loter serics of tests on this airplan
after the landing sear had beea nodifiecd to cntirely re-
tract the nosc wheel into o fuselaoge compartment with

full depth into wing wells with
found that the drog had only bo:

t cover plates, it wos

1
car nain wheels to their
©w
n raduccd fron 1l0.3 to

e
cover plate and to reitrnct the r
0
o]
R

8.7 poundse. This drag was climinated by a tight cover
platc,which cnphasizes its necessity.

Armamcnt
The drags of gun installations measurcd ot o speced of
100 niles per hour are given ia tadble VII. It will Dbe
noted that the drag of all the installations is of about
the same order exccept for airplane 3 (fig. 34(c)), which
is over five times as large., The value given for this
airplone does not renresent the total drag for the guns,
as in 211 other cascs, but is the drag reduction oota1nod
he

by sealings the openings in the ncse of t7 engine cowling
arcund the hlast tubes and the Fi and the fairing

of the tubes. Measurements were made for both the powere
off and propeller—-oparating conditions, and the lower value
for the power-on condition isg given in the table. The
source of the high drag for the original installation 1s

i

!_J
H
o
b
2
]

t
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obviously not due to the form dras of the blast tubes Dbut
to the loarge ailr leakage induced by the re gative presau?e
over the nose of the cowling. This ins ll%tlo is dis~
cussed in further detail under the beadlngcﬂf decakage.

The lowest drag installation for an airplanc with o
radial congine was obtaincd for airplane 10 (fig. 33(b))
in which there are no openings in %he cowling wnd the

re placced in troughs with no protruding parts. On

guns ol o}

the model of airplanc 11 (fig., 34(f)) with liquid-cooled
engine, the blast tubes placed low on the fusclage nosc
also proved to be a low-drag arrangement, The installa-
tion of the cight wing guns represcnted by Z—Wnch holes
in the leading cdge showed o low drag Althouzh the ef-

e

feet of the Oﬁcnlﬁbs on thc'muxlm LI lift hobfflclent was
not investigonted, tests of inlets on the lecading cdge of
nings are not well

wings indicate tnmt if edges of the openi
rounded and located near ¢ stognation point, avppreciable
roductions in the maoximum 1ift will rcsul

The drag of the external Novy gun s‘ght wos measurcd
on airplancs 1, 6, and 10, and only on airplanc 1 (fig.
34(2)) was there a measurable df"“,whlc“ was 2.5 pounds at
100 miles per hour. It ig believed, however, that,with
the acrodynamic imprevements in the fuselage and canopics,
the clinmiaction of the externnl gun sisht will assunme

zreoter imporitance.

The bomb rack on airplanc 5 (fiz. 33(d)) and two
bomb racks on airplanc 6 (fig. 1(f)) gave large drags of
8.5 and 1ll.2 pounds, indicating the de s;rnwaitJ of sult-
able fairings for reauozh; their droage.

Acrials

The drags for the three types of aerial shown in
fizsure 35 arc gilven in toble VIII. Witk thic possible cxe-
ception of the type B aerial, all scerials cousc more drag
than should be considercd satisfaccory for o modern high-
speed alrplaanc. If the ang between the wires and the
dircction of flight is 1argc, os in the casec of type 1
acrial (fisz. 35(a)), the offeccts of compressibility on
the “ruy at hish speeds should be consifercd. For cxame
ple, reference 15 shows thot the critical speed of o cipe
cular cylinder inclined at an angle of 45° would be about
330 miles per hour ot 16,000 fect altitude.
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LEAKACE

Any aoir flows on the airplanc other than those use-
fully employed for cooling, ventilation, etc,, should be
preveanted by scaling all surfaccs across which pressure
differences exigt, Alr leakage through thb alrplane sure
faces or between compartments within the ail .plmn will
ordinarily »esult in appreciable drog losses since the
leakage air iz usunlly discharged normal to the flight
dircctions, The drag is due to the loss of thce momentum
of theo 10&Lagp air and to the disturbonce of the oxtornal
flow over the airplane surfoaces, The first of thes
losses can be computed if the pressure drop across th
leak and the leak area are kunown, Assumlng leakage from
a. large reservolr, such as a cowling or fusclage, then the
MPPTOleuth guantity of air flow throubh the leak is

Q = Q0,65 A.Jmp (8)

5

and the drag
D = pQV (9)

in which Q is the gquantity of leakage flow, A the
arca of the leak, and p the pressure diffcrecnce across
the leak. The drag duc to the effect of the leakage on
the disturdbance of the cexternal flow cannot readily be
computed, since it depends on the location of the leak,
its magnitude, external boundary-layer conditions, etc,

The large adverse effects of leakage arc amply demon-—
strated in the full=scalce. tunncl tests, The results are
summarized in table IX, Tsolation of the drag lncrements
in some cascs 1s impossible, since several items were
changed at the same time,

Opcnings in WACA cowling noscs arc particularly dige-
advantagecous, since the pressure differcnce may be as
much as 2 d. In casee in which armament installations
pass through the cowling nose, such as airplancs 1 and 3,
extreme care must be taken to prevent outflow through'the
openings The cffecct of the opening and the outflow is
shown by photographs of the tufts on the cowling for alre
planc 3 (fig., 36(a)), The region behind the opening is
completaly stalled, as shown by the reo Vﬁru¢l of the divec—
tion in which tho tufis point, and the lovge drog i

R
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of 0,0029 measured for this case is explained. Other
common errors to be avoided. are un%ea‘ed holes through :
the fire wall, random flow from the euglne Cowllng C om—
partment into the accessory compartment, gaps in cockpit
enclosures, leaks in cooling ducts, particularly ahead

of the cooling unit, flow circulation through incompletely
sealed landing-gear wells, leaks around cowling flaps,
etc. For cases in which leakage is desirable, that is,
for ventilation air, the outlet should be e carefully shaped
and directed aloung the contour of theo surface at the point
of discharge, (See fig. 7.) ‘ '

Compressibility.- Discussions of drag results on aire
planes from test data obtained at 100 miles per hour are
obviously incomplete without consideration of the possible
effects of compressibility on the drag at the actual
flight speeds. Numerouns fundamental investigations have
shown that,if the speed of an acerodynamic body is in-
creascd, a critical value is finally reached at which the
drag of the body rapldly increases., Thisg corresponds to
the occurrcnce of sonic veloclty at some point on the body.
and investigations have shown (raforence.lG) that if the
pressure distribution over the body in low-specd flight
is known, thon 1t is possible to estimate the flight speed
at which this critical sonic speed will occur. Bunmps,
canopics, scoops, cowling, cte., that incrcasc the local
air, sp&ed ot any pint lead to the occurrence of local
scnic spsads at lower Fll@ht speeds than on 2 perfect
streanlia. QQ!J. ' :

The method Of_estih‘t”n” the critical speoed from pioge
sure measurcments made at low air spcods is described in
rcfercnce 16 and the agroement between theory ané axe

o
perimcnt shown in refeorences 15 ocnd 16, The %thoory docs
not conscrvatively predict the critical specd and the value
may be 15 miles per hour lowar than estimateds Volucs of
Pory, critical pressurc, corresponding to various Mach

nunbers are calculated from the Re rnoulli equation for

compressible flow (fig. 37). The pressures measured at
low air speed are extrapolated by the method of Ackeret
to take into account the variations of thes pressures on
the body with changes in Mach numbor; that is,

in which P, and P;  refer to the pressure in compres=



sible and incompressible fluids and M ' is the Mach num-
ber. If P, and Pcr are plotted against M, the in=-
terscction of the two curves defines the critical Mach
‘number, ' : ' ’

Mcosurements were made of the pressurce distribution
at numerous critical points on the airplancs tested in
the fullsgcole tunnel to aid in estimation of their criti-
cal spcedss Typical results are presentcd in figure 37 for
four of the alrplancs. ' o

The lowest critical velocity will usually occur for
single=cngine airplancs in the wing-fusclage Junciture,
since here the thicker wing roots and combined wing-
fuselage flows Jlead to high local VOlOPlblOm. This point
was critical for airplances 92 and 11 (fige. 37(b) and 37(d))
and will be critical for alrplanes 7 and 10 (figs. 57 (a)
and 37(c)) whoen their windshicelds are corrcctly modificd.
The use of wing and fuseclage scctions caxpressly designed
to avoid high nogative pressurcs is a mandatory require-
ment on 1vplqnug designed for the 450 to HB0OO miles per
hour spced class, The dﬂta in references 5, 15, and 17
will bovusoful in desig the wing ond fusclage shapes
to avoid low critical s_ ‘

A well-rounded Jjuncture should also be provided be-
tween the top of the windshield and the covkplb hood.‘
The sb”rp radius of curvxtvro‘ft this point was found to
be responsible for o critical speed of 390 miles per hour

in the casc of airplanc 7 (fig. 37(a)). Tests on canopies
in the hlghnspbud tunncl (reference 14) are valuable in

dofinidt the relation between the radius of curvature at
the windshield Juncture and the critical speed.

The nose of the cowling of an air-cooled-engine air-
plane is & further point of high local velocitlesg and
should be designed for high-specd airplanes entirely from
the considerutioa of obtaining & high critical speed. De-
sign data on the gubject arc given in reference 10,

Ag o Turther caution in the use of scoops on nigh-
speed alrplanes, 1t should be recognized that, although
their drag may not be lavge at low specds, their offect
in reducing the critical speed may be serious, Sharp-
cdged scoops desizned for low inlet velocities may become
criticol at specds from 350 to 450 miles per hour. If
scoops arc used on ony highespeced airnleones, pressure-
distribution moasurements should ba made to check on their
critical spceds
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CONCLUSION

Results show that the drag of many of the airplanes
was dccreascd 30 to 40 percent by removal or refairing of
incfficicntly designoed componcnts. In one caso the drag
was halved by this process. FEmphasis on corrcct dotail
design appears at present to provide greatcer immedlate
possibilitics for inerensed high speeds than improved do=-
sign of the basic elomenie,

Langley Memorial Acronsutical L&boratory,
Notional Advisery Oommittec for Acronautics,
Longley Ficld, Voo '
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TABLE® I ~ Drag Analysis of Airplanes in Original Condition
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CL = 0.15
Item Airplane
1 2 3 4 5 6 7 8 9 10 11
Original condition 0.0377 10,0328 10,0390 {0,0267{0.0320{0.0362 {0.0257 |0.0275]0.0328{0.,0269 {0.0201
Excessive cooling drag .0017* .0017 .0015
Engine cowling (no
cooling air) R .00=20 .0013

Fusclaze snope q 0009 .0008
Carburetor intaoke 00167 .0006| .0019| .0006°] .0001
Prestone radiator .0034 0024 0011
0il cooler .0020 .0007 .0007 .0003 .0017! .0040] .0008 .0006
Intercooler .0011] .0007] .0011
Exhaust stacks .0016% .0010| .0007% .0003 00061 ,0014 0003
Supercharger .0033
Perforated flaps .0C20| .0012
Seals on control surfaces .0005 .0002
Sanded walloway .0007
Coclepit canopy .0019° .0004] .0004°
Landing gear L0016 | .0014 | .0CO7| .0019| .0008| .000O7 | .0009%| .0OOR2! ,001S| .0005
Gun installations L0069} 00R9% 00031 .0006{ .0DO0R2 .0005
Gun siznt ' L0003
Bomb racks .0008} .0017
Ejector chute .0003
Aerial .0005 .0005 .0008 .0007
Air leskage , .0008 .0007 .0017] .0004{ .0011

1Includes carburetor and oil cooler scoop drag (largely due to leakage).

2plus cowling change.

3¥aired, not removed.

4Includes fairing flame arrestor.

9%



ABLE II.- Corburctor Intakec Scoops
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Duct characteristics Flow characteristics Drag data
oy = 0.48 0= 0.15 p
T Inlet Cutlet VvV = 216 mph V = 430 nph ¢1=0.15
VI ~
area area
Rom Quantity Ram | Quantity| =170 sq b
(sg in.)!(sq.in.)i(percent q)] (1b/hr) | (percent q) (ib/hr)
A7 s 22 — — $5.0 13,820 ||  0.0010
—5/ p— ._.‘4\-\ 4
o 37.1 15 — — 97.0 10,320 ,0007
e Ori@in&l

§ 57.1 o —— —— 97.5 7,930 .0008
- 8.9 22 94.5 7,660 97.0 14,940 .0005
P 26.9 15 94.5 6,170 98.0 12, 420 .0003

’/// AT ey 1S
- _Reviged forward - 26.9 9 95.5 5,260 ©7.8 8,310 .0001
26.9 0 — — 88.0 0 .0000
o 7 2r.8 22 — — 70.5 12,100 || - .0002
e 27.8 15 83.0 5,580 73.5 9,80 .0000

T B Flush B . :

e 27.8 9 57.4 3,720 61.6 7,200 .0000

Tlow characteristics are corrected to 12,000 feet altituds.

¥ilitary rating reguires 8100 pounds of air per hour.

LZ



TABLE IV.- Wing Profile Drags and Transition Points
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Description

Fig-

tuare

Transition point location
on upper surface of wing

Renarks

cDo
meas~
wred

CDo
smooth
wing
(est.)

AC

—|Airplane

Metal covered, brazier-head
rivets; larger rivets on
forward portion of wing;
laps facing back

0.0080

C.0058

0.0032

Metal covered, brazier-head
rivets; row of larger riv-
ets on upper surface about
15% ¢ behind 1l.e.; laps
facing back

29a,

.0083

.0062

0021

Fabric covered, raised
stitching; drag measured
on lower wing

280

.0084

.0070

.0014

Front portion of wing metal
covered, flush rivets;
rear portion fabric cov-
ered, flush stitching

29¢

.0070

.0063

.0007

Metal covered, flush riveis
to about 18%c behind l.e.,
remainder brazier-head
rivets; perforated dive
and landing flaps

<94

.0109

.007=

.0037

Metal covered, flush rivets
on front half of wing,
laps facing back; fabric
govering on rear half;
perforated dive and land-
ing flaps

———

.0106

.0065

.0041

Metal covered, flush
rivets, laps facing
forward

g

0 £t from ¢
airplane
t/c*=0.126

.0079

.0060

- .0017

¥etal covered, flush
rivets, joggled laps

2%e

7

3 ft from ¢
airplane
t/c*x=0.134

.0070

.0011

Metal covercd, flush
rivets, fillcd Jjoints

7

2 £t from é_
airplang
t/c*=0.135

.0071

.0011

10

Mctal covered, flush
rivets, filled Jjoints

.0077

0016

11

Wood, filled and polished

.180

s
o,

.7 £t from ¢
airplane
t/c*= 0.130

0074

.0013

x*

distance along surface behind stagnation point

s
c length of chord
t section thickness
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TABLE V.- Cockpit Canopies and Windshields

[¢)]
= Reduction of drag|Cross-section
3 ¥odification Fig~|Drag of canopy| by mocifications rea of
4 i oy 3|
ure = windshield
o ACp Cop. AC &cC
= v D Drw
S | Longitudinal section
of canopy modified |
to increass neight | 1.76 (mod.)
.2 in. 3le 0 - 1.24 (orig.)
6 | Modified windshield [31c 0011 | 0.13 2.17
Mocdified toil L0008 W11 2.17
Modified windshield
and tail ,0012 28 2.17
9| Original cnsnony 31b 10,0004, 0.04 - 2.64
i
Lowered cnclosure L0002 | 02 LOC02 .02 2.19
Lowered enclosure - |
short tail L0003 .03 0001 .01 2,19
Lowered enclosurs -
flat sided wind-
shield and short
tail L0004 .04 i O 0 2.19
10! Modified windshiczid [3la L0004 .06 2.00
11| Flat side windshizldi3le C 0 1.14
.0C02* .03

*0btained for cordition with carovurebtor scoop removed.
g5

The subscript IW designetes freatal area of canopy.
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TABLE VI.- Drag of Landing Gears

1-489

’ Reduction in draz for modifications,
Type! Tire size! Drags 100 mph
Air-|Fig-| of 100 mph
planeiure | gear! (in.) (1v) 1b ¥odification
1] la 1 25 x 6 8.5
2 | 1b 1 26 x 6 8.3
3| 1lc 1 26 x 6 4.7
4 [33¢ 2 30 x 7 | 14.8
3.1 1 Oleo strut faired and sharp cdge
at rcar half wells rounded
7.0 | Waeel well cover plates
10.9 | Wheel well cover nlates and
faired oleo struts
5 1334 3 30 x 7 6.5
6 | 1f 1 27 5.3
strcamline
7 |33b P 30 4.2 | Fairing no. 1.
smooth
contour 5.3 Fairings no. 1 2ad no. 2
8 (33f 3 27 1.1
smooth
contour
9 133e 4 { Front 19
streamline
———— 10.3
Rear 27
smooth
contour
10 |33a 1 26 x 6 3.3
11 | 1k 3 27
smooth 0
contour
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TABIE VII.~ Gun Installations

Airplanc | Fig- | Tumber and size of guns Drag A Cp
ure at 10C mph
(1o)
& 34c one 30-cal. 1S.6 0.00=29
one 50-cal.
8 Sde two 50-cal. 2.3 .0004
S 344 one 37-mm cannon 3.8 .0007
two 50-cal. zuns
10 34D two HU-cal. 1.3 .000=2
11 34f two 50~-cal. (fuselage) 1.3 .0003
eight 30-cal. (wing) .9 .0002

*Prag only for wires - mast in place

Drag

at 100 mph (1D)

2.9%

3.0

41
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TARLE IX.- Leakege Drag Increments

D ab
Airplane Source of Leak - [Figure; ACy 100 mph
(1)
1 Gun blest tube opeuings in nose %
of cowling (similar to fig. 33a -- 10.0069 36.8
3 Gun blast tube openings* 3éa .COR¢ 28,7
5 Openings between cowling sections '
and at flans 36b | .0008 6.5
7 Hole in the nose of the propelier
sgi‘ncr and openings around the |
blades S6c ¢ 0007 4.2
8 Openings between cowling sections
and at flans &6a | .0009 5.1
Accessory exit slot i .C005 2.9
¢ Fusclage louver onenings 22c | ,0004 2.2
10 Oponings ovotween cowling sections,
at flans 3ée | L0003 2.0
Fuselage opornings - .0008 5.3

XThis item includes drag reduction due to modificotion of oil and car-
buretor scoops.

*This item was measured with propeller opncrating.
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NACA

Fig. 1 d,e,f,g
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NACA

Fig. 1 h,i,},k




e~y

RACA

35-0"

10'-3" DIA,

AIRPLANE

10'-0" DIA?

AIRPLANE

WEIGHT _ _ _ _ _ _ 4,932 LBS.
WING SECTION_ ___ __ __ N.A.C.A. 23018-09
WING AREA _____ _______._ 209.0 SQ. FT.
SINGLE-ROW AIR-COOLED ENGINE.

750 H.P. 2,100 R.P.M. 15,200 FT.
ALTITUDE. DIRECT DRIVE.

WEIGHT _ _ _ _ _ _ _ _ __________. 5,448 LBS.
WING SECTION______ _. N.A.C.A. 23015-09
WING AREA _ __ _________._ 233.2 SQ. FT.

TWO-ROW AIR-COOLED ENGINE.
900 H.P. @ 2,550 R.P.M. @ 10,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 3:2

2
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NACA o - - Fig. 2.(3-4)

WEIGHTY__ e - 4,478 LBS.
WING SECTION__ ____ - ______ CLARK Y.H.
’ WING AREA________._____266.0 SQ: FT.

SINGLE ~ROW AlRfcddLED ENGINE.
820 H.P. @ 2,100 R.PM. @ 12,000 FT.
ALTITUDE. OIRECT. DRIVE.

CHORD UPPER WING 60"
CHORD LOWER WING 48"

p— 320" — 224154

.4;_—

Pt —————— g ————————

L

T ———remmaltet)

9%-0" DIA.

AIRPLANE 3

WEIGHT _ _ _ _ __ _ ___________ 6,270 L8BS.
WING SECTION_______ N.A.C.A. 23015-09
WING AREA __ ___________ 305.3 SQ. FT.

TWO-ROW AIR-COOLED ENGINE. N
750 HP. @ 2,550 R.P.M. @ 14,200 FT,
ALTITUDE. PROPELLER GEAR RATIO. 3:2

D

] NS
SRR RRM ™Y
. .
__8_41.‘-(

XN N N o

420" : _ ]l ——33-1 3"

AIRPLANE
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HACA

T
353
3

-z
590 250 o0
et

20

2 l/"l/ﬂl’l'l".k
sV 2
AW/ Vi.AT AL AT "

o 7177

&
2

10-9" DIA.
AIRPLANE
£od0 92 Wﬂvf:: ; RN * 540 0%.

I
0 ~
F !

!

L3
3[3'—0"
e — 3 O ——

9'-0" DIA,

AIRPLANE

Pig. 2 (5-6)

e __________ 7253 LBS.
WING SECTION_  _____ N.A.C.A. 24(5-09.
WING AREA________.__._318.6 SQ. FT.

SINGLE ~ROW AIR-COOLED ENGINE.
800 H.P. @ 2,300 R.P.M. @ 16,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, I6:1

39"

ANEEEETS

WEIGHT _ _ _ _ _ _ __ _ _____ _._ __-.5,921 LBS.’
WING SECTION_ _ ___ { CLARK Y.H. 18-11.8 %,
WING AREA _ __ _ _______ __ 258.0 'SQ. FT.

SINGLE-ROW AIR-COOLED ENGINE.
760 H.P. @ 2,100 R.P.M. @ 15,000 FT.
ALTITUDE. DIRECT DRIVE.
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AIRPLANE

iI1'-0" D1A

AIRPLANE

Fig. 2 (7-8)

WEIGHT _ _ _ _ _ _ ___ _________ 6,783 LBS.
WING SECTION______ _ N.A.C.A, 2215-09
WING AREA __ _________ . 236.0 SQ. FT.

PRESTONE-COOLED ENGINE.
1,000 H.P. @ 2,600 R.PM. @ 16,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 2:

7
WEIGHT _ _ _ _ _ i ___ 6,755 LBS.
WING SECTION_ ___S3-AIRFOIL,16.7-8.2%
WING AREA 223.7 .SQ. FT.

TWO-ROW AIR-COOLED RADIAL ENGINE °
WITH GEAR-DRIVEN SUPERCHARGER.

1,I0O H.P. @ 2,700 R.PM. @ 15,000 FT.
ALTITUDE. PROPELLER GEAR RATIO,16:9

8
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NACA

10'-4 34" DIA.

380"

1

9'-9" DIA.

Fg. 2 (9-10)

WEIGHT ___6,150 LBS,

WING SECVTION__V____N.A.C.A.' 0015-23009 .
WING AREA ___ __ ________ 213,0 sQ. FT.

PRESTONE-COOLED ENGINE WITH TURBO-
SUPERCHARGER. 1,150 H.P.-@ 2,950 R.P.M.
@ 20,000 FT. ALTITUDE.

PROPELLER GEAR RATIO, 9:5

AIRPLANE 9

WEIBHT . _ _ . 5,825 LBS
WING SECTION_______. N.A.C.A. 230156-09
WING AREA ____________. 260.0 8Q. FT.

TWO-ROW AIR-COOLED ENGINE WITH TwoO-
STAGE GEAR-DRIVEN SUPERCHARGER.

1,000 H.P. @ 2,550 R.P.M. @ 20,000 FT. .
ALTITUDE. PROPELLER GEAR RATIO, 3:2

AIRPLANE 10



10'=6" DIAY

AIRPLANE I

L-489

VOVN

WEIGHT _ - _ o _-_ 6,600 LBS,
WING SECTION_____ __N.A.C.A. 23016.5-09
WING AREA __________.__ 170.0 SQ. FT.~

 PRESTONE - COOLED -ENGINE.

1,150 H.P. @ 3,000 R.P.M. @ 12,000 FT.
ALTITUDE. PROPELLER GEAR RATI0, 2:l

27-3 '34¢"

v e
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Figs.3,5

.028 7 = —&
) Service condition’
-
c
9
0.024
= ' C. =015
v
9
O

- 8.020 | <
IS Completely faired-,
o 10— | Q
.0/6
50 60 70 80 S0 100 /10

Air speed, mph
Figure 3.~ Seale effect on drag ovefficient a¢ Op = ©0.15 for airplane 8.

4 gy
474D 496 |
- o -
Max. thickness-----|
Q
_ E Q
_ . 3

011 D
35°47°
—-\

Jlows o

Figure 5.- Design of an efficlent 90° turning vane,
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eBA=I

External
stréamlines. .
: : Original
aerodynamic Sudden ... Hioh
contour EXPANSION ™ .~ resistance
\ __—4' ______________ _Air flow
Undercut } y —_— ~with
afterbody ' — resistance
>N —
=~
, )
Air flow "\ 1) -
(a) without -~ )
resistance

Figure 6.- Effect of high resistance in increasing
allowable duct expansion.

Free stream pressure g

Figure 7.- Factors in outlet design.

|
i
|
t
I
i

<. Parallel flow

)

L9 984

oV



NACA Fig. 8

i o ——
Longitudinal section (including modifications)
(a) Oriqinal installation

Adjustable inlet flap

(b) Proposed installation

Figure 8 ~Prestone radiator installation on airplane 9. ...
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Figslg,ll

NACA
/6,000 0024
- R
14,000 0020 3
C ll,q
g O
& Arr f/ow-~/ L% -
& /2000 — .00/6 §
Q o] 1 %
& | T 1 <
8/0’000 = = = .00/ 2 «+
7~
. Measured drag - L é
/ //
R 8,000 — - 0008 §
b — 7 Q
L : — ~+7 ldeal drag N
T ”/
e t—r 7A >
6,000 e AUDS?IE(VR) 0004 Q
W05 4 &5 6 .7 &8 9 v
Outlet orea, sq ff
Figure 9.- Variation of cooling drag and air-
flow quantity with outlet area for
Prestone radiator installation on airplane 9.
8000 ;/ —.0028
7,000 A riom 002
¥
|
E 6,000 00205
k / N |
Q Agxper,menfg/ © Figure 11.- Variation of cool’
25000 drag <1 /1.0016& ing drag and air
S | 7/ < flow quantity with outlet area
N / a’=.5°--/ € for modified oil-cooler in-
§4000 = '00/2E gtallation on airplane 8.
U
Q
N / Y S
X 3,000 +—.0008'%
< yd 8\
1 /deal dro % S
2000 /L , 7 0004
ACp =g (V) s
1,000 J bt 0

0

Exn‘ opening, sq Tt

2

3

4
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L=4 89

Velocity, V,mph

Figure 15.- Dynamic pressure available for ram at altitude.

NACA Figs.12,15
1 T I ] T T J U T /B
Air flow, forward undersiung infef -~
20,000 .0032
/
/8,000 i .0028
o /HK . .
C Figure 12.- varia-
/6,000 = 00242 _ biom
Q yd /é S of cooling drag and
N > ",air-flow quantity
L /4 /) S with outlet area
8 /4,000 ° Experimental o |, -0020 O for Prestone radi-
& | C07/’/‘(7 ,/forward/ & ator installation
undersiurn .
-3 12,0001 /,/ inlet, 94 .OOISE on airplane 1l.
O Air flow, rear,/1rlet 4 e QQJ
§ ~ /+ N
Q N " 0
X /0,000 - = x 0012 L
RS L "1 | Experimental 1 £
AN drag rear /h/e;‘)/ Pis NS
| /deal drag, forward. 0
5,000 undersiung | | 1 'anaé
G - 5.5AR<%>{ " _
D . 7 N 1 //-F
6,000 oL ] .0004
1 "/ | —T “1/deal drag rear inlet
A
4
000 .2 4 .6 .8 L0 12 14 L6 0
Exit operning, sq ff s
N Sea level
8 700
1S
o
Q
K
X600
3 5,000f+
)
b /
%500 70,000
L
k . , .
f 400 7 — A
3 &
8 / // 20,000
£ 300 -
e
=+ L L7 30,000
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)
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?é 00 T A
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NACA Fig. 13

Area
142 s5q. in.

N

Section A-£A Section B- B 5ection. C-C

Fiqure 13.— Forward underslung prestone
radiator installations for airplane I1.

NACA- ZO897.



NACA Fig. 14

Outlet
- _g Fuseizge _
[ -)
/\_—’ —-’\ \\\‘\\\\\\\ r
'5 // L‘,‘Z“' \\\\ —
Ve ) " \\
Al \\ 205 Circular Prestone ™~ _
AT~ d Radiator ‘ —
' ~—— <z // //\ \ ,onal E‘_ss’lags_}_—_'l!— et
\ £ 7=~ -\ sQriqont.
N”"g r' > 7 A -—“%’ ——
— - L — P
e T~ e - - =7 ’\,,,’ L
_ &

s

dection A -A Section B-B
Inlet Small outlet

Figure 14.—Rear underslung prestone radiator
installation for airplane 11.

ANACA- 20896



NACA Fig. 16
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Fig. 18
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NACA Fig. 19 a,d
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Fig. 21 a,b,c,d

NACA
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NACA Fig. 21 e

)(\\\\’
o
\

\
|
i

v ]
S

My

28) ,n,
' 27 sq.n. 7
- sqm \
Fuselage lin
J \oection D-D
Section A-A Section ¢-C Flush Inlet

uselage Ine  Revised foward inlet

43 sq.in. 435:;‘:':1

Section B-B
Origional inlet All inlets
(e) Airplane 11.

Section E-E

Figure 21.- continued . Carburetor air-intakes.

NACA- ROPOS.
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Fig, 22 o,!,¢
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" NACA

Fig. 23

<O B ) ) l\
Area 104 Sq.in.
E E % _ L. ’
[-) ' Area j21 Scl.in.

Section BB

Secticn A-A

]/;reaw?S;- in.

Areal48 S?. in,

Section B-B

®
(b) Modified

(c) Modified.

Fic]ure 23 ~Prestone radiator installation
on airplane 7. wAcA - 20920
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Nose radius . Camber

/
i

E ; Length of offerbody ———

Original fusé/agé contour—->

. , Fairing
Size of inlet ;

—Width of infet

Figuze 24.~ Details of scoop design.

1 Turbulent skin frictiom curve,;Cp « rO-11 u
2 Curve corregted for compressibility,Cp, = Cp (1+-——)
3 Curve corrected for surface roughness

.0/0

D

08

S

06

S
S
X

S
3

S
N

/

|

2 3 4 5 678 /0 20 30x/0°
Reynolds number, R
| | L

o

Profile-drag coefficient, Cy,

| | |
¥ 2 3 4 5 .75 /0
Mach number, M

Figure 38.- Method of extrapolation of wing profile-drag

coafficients to flight speeds-wing chord,6 feet.

Figs 24,38
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NACA Figs. 26,27.

.003
S 002
BN
) Figure 27.- Drag of
8 surface
g irregularities added
.00/ behind the normal
2. ~smooth wing transition
/\' ———F— 4 = point.
N B ey A+£— T — =T ’:__,3
0 + -t -D P- - 4.:’ -~
3 4 5 6 7 8 10 /5 20

Reynolds number, R ,millions

1 6 rows of 3/32" brazier head rivets on each surface of S5-foot cherd airfoil
Pitch 3/4". Forward rows, 52 percent of the chord from leadlng edge.
2 13 rows of 3/32“ countersunk rivets on each surface of S5~-foot chord airfoil
pitch 3/4". Forward rows, 4 percent of the chord from leading edge.
8 rowe on top and 6 rows on bottom gurface of S5-foot chord airfoil.
Pitch 3/4", Forward rows, 36 and 52 percent of the chord from leading edge.
4. 6 jogsled lape facing aft on each surface of 5-foot chord airfoil.
Forward laps, 8 percent of the chord from leading edge.

.003
A CL=0./5
ot
Ch— L |
«/ —_— —
S.o02 === e Figure 26.- Drag of
N ) 15 surface
© SRR irregularities added
3 2 1] ghead of the normal
0 S =X = po== smooth wing transition
.00/ > = oint.
S + s et P R Sl P
x
o
3 4 5 6 7 8 10 /5 20

Reynolds number, R ,millions

1 6 joggled laps facing aft on each surface of 5-foot chord airfoil
Forward laps, 8 percent of the chord from leading edge.

2 13 rows of 3/32" thin brazier head rivets on each surface of 5-foot chord

: airfoil Pitch 3/4% Forward rows, 4 percent of the chord from leading
edge. ’

3 13 rows of 1/16" brazier head rivets on each surface of 5-foot chord air-
foil Pitch 3/4.% Forward rows, 4 percent of the chord from leading
edge.

4 6 plain laps facing aft on each surface of S=foot chord airfoil
Forward laps, 8 percent of the chord from leading edge.
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ACA

(d) airplane 5.

(e) Airplane 8.
Figure 29.- Wing surface conditions.

Figs. 29 a,d,e.




(c) Airplane 4.

Pigure 29,~ Wing surface conditions.

WNACA-20895

L-489

VOVN

9'q 62 314



g ,, >
xR : . )
ool 3 N ~ \ g m/u ~- lm/u //,.D
5 ° ) s 39 Q ~3 N
i S R S Yy
2 '
(@] L]
Ny h
mO“Q ,/l.k._& A -
T -~
S8 2 o & \ & @
293 P o T X -
2 e e | . 7 | ~ NS 2
® o L TNy O TARN Oy
w Y /8€ o A =
s @ { : ‘ j i 9Vv 4 > Yk
z 2 o (B N\aneE 2 (@A
we g 3 *d Q] 3 2| W
~8 g ) ®. 1 1
e D m, m m m m ar\ ._
e ® ~ © o o S o o |! | &
T;m. = o nC,.—v H Muw A4 __ Fw
58 ! ” _
o w ~ N
ta N N Y
[o] N S
ix e} i
3 o
g8 N
9 = | [ | ¥
(Cle] ﬁl — ulil
o ST b,
‘.

- ouBTdITY *Tedp Buim Yjoows pelBINOTBO pus ueds Juim
JuoTe e§JIPABIG umjuswou Kq PeUTREQO SJTNsad [eoldL] -*0¢ 2INBTJ

44 ‘votjogs buiy &

g/ v/l 2/ 0l g 9 v Z @Q; Q

v N)
J , 9 1p00 >3
/ﬁﬂ/-\[\%g\s Yyjoows pajoinojoy :@l m W
50000t N~ y— —d=T—+— 0 3la
— =)y N / py S — T 1 %QQ..% Q
aungounl” [N / ~_ 7> | 3
| du __ V1gi000=%v] I\ | 1§ QU8

- __ § ‘U0I8/ID JO— i_ WiN\Qm N
G1000°= 9V iy pooqyy | 4 L1 | Qg

| Grap0- = T3v_Aomsyom puo M

buiipy  4oeb bujpuo) ul dwng >

N S S S s ozo |

8900= %) PaouILLE MG UMOYS la
SBIIOINBEIY P BUIM BOIN 418G ————— -1 s

_ £L00 =T Bum 301186 — — _lpa0° QW
l@ﬁﬁ:wﬂw.&?ﬁiﬁ:ﬁm&ﬁﬂw\_ L1 0

gefog 831d | YO¥N

Vs



L-489

NACA

Lowered enclosure, short
tail, flat-sided windshield

Fiqm‘*e Esi,w(:&:kpi{: encoaura:ﬁa*

Fig. 31 a,b

PN YGRS
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NACA

Corved porhorz .

Fig. 31 ¢,d,e
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NACA

Fig. 33 a,b



NACA rig. 33 ¢,d,e,t
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NACA Fig. 34~

() 6un sight on airplane 1. Original condition.

Sealed and fatred.
(C)BZQ:‘>+ tube

(b)Blast tube on airplane 0. installation on airplane 3.

(e)Blast tubes on airplane 8.

(d) Gun and cannon
installation on atrplane ..

(f) Wing and fuselage quns on airplane 11.
Figure 34 .~ Armament .
\

NACA - FOI2).
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RACA

(b) Airplane 10.
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Figure 37c.- Determination of the critical compressibility

speeds. Airplane 10.

of airplane 1l.

Figure 37d.- Critical speed for various components



